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Introduction
With the development of semiconductor technology, fabrication of crystalline Si (c-Si) from amorphous SiO 2 via direct electron beam writing is a promising method to fabricate Si-based nanodevices [1] [2] [3] . It is a one-step resistless process which avoids the resolution loss during development in a developer [4] [5] [6] [7] [8] . However, the writing speed is still the main handicap for practical applications due to only one pixel being exposed at a time [9, 10] . To improve the exposure speed is critical for direct electron beam writing. But it has been suggested that the writing current is limited by the Coulomb interaction between electrons, which causes beam blurring and loss of resolution [11] .
Fully understanding the growth mechanisms of c-Si from SiO 2 is essential for increasing exposure speed during direct writing. Du [12] . However, Takeguchi et al. grew c-Si under 100 keV electron irradiation at 577°C [13] , and Chen et al. fabricated a Si nanodot array under 100 keV irradiation at room temperature with a dose of approximately 10 9 C m -2 [14] . They believed that the Si nanodot formation mechanism is process-induced SiO 2 dissociation. Hence, the mechanism of formation of c-Si under irradiation is still unclear, and the quantitative understanding of the influence of temperature and beam energy is very limited.
The interaction between high-energy electrons and SiO 2 can be considered elastic and inelastic scattering. Elastic scattering is the interaction of an electron with an atomic nucleus that will induce atom displacement by direct momentum transfer if the transferred energy is larger than the threshold displacement energy (T d ) [15] . The T d of O and Si are 9.3 eV and 18.6 eV, respectively [16] ; thus, the O atoms are more easily displaced. Inelastic scattering is the interaction of incident electrons with atomic electrons that can lead to ionization. The atomic electrons are considered valence electrons and core-shell electrons in SiO 2 . Ionization of a valence electron creates only one hole in the valence band with a lifetime of approximately 10 -16 s, while ionization of a core-shell electron creates at least two holes in the valence band by the Knotek-Feibelman mechanism. The hole-hole correlations can block the resonant one-hole hopping process, thus increasing the lifetime of the holes to the order of 10 -14 s. The presence of holes in the valence can induce a repulsive reaction between nearby nuclei and result in subsequent desorption of O. The desorption time for atoms is on the order of 10 -13 s, so the core electron ionization has a larger probability of inducing dissociation of SiO 2 [17] .
In this work, we apply in situ transmission electron microscopy (TEM) to investigate the detailed growth process of c-Si nanoparticles (NPs) under different electron energies and temperatures to explore methods to increase the exposure speed during direct electron beam writing. In situ transmission electron microscopy is a powerful and versatile tool for real-time investigation of the properties of nanomaterials under electron irradiation and external stimulations [18] [19] [20] [21] [22] . We demonstrate that amorphous SiO x (x < 2) NPs form firstly and then transform to c-Si NPs, when amorphous SiO 2 is exposed to an electron shower. The elastic sputtering and the Knotek-Feibelman dissociation mechanisms induced desorption of O in SiO 2 , results in the formation of amorphous SiO x NPs. The critical dose for SiO x NP formation is independent of temperature and decreases with reducing electron beam energy. The formation of c-Si NPs is driven by the self-organization of Si atoms, which is caused by phase stability inversion between c-Si and amorphous SiO x under electron irradiation. Detailed analysis reveals that a larger effective free energy difference between SiO x and c-Si is critical to improve the speed during direct writing. This energy difference increases with decreasing electron beam energy and increasing temperature. The critical dose for c-Si NP formation can be decreased three orders of magnitude to approximately 10 5 C m -2 under 80 keV irradiation at 600°C.
Results and Discussion
Figure 1(a1)-1(a8) shows false-color TEM images of the c-Si NP formation dynamics under 300 keV electron irradiation at 400°C. Firstly, amorphous SiO x NPs are observed when the irradiation dose is accumulating to 8:37 × 10 6 C m −2 , due to the desorption of O. The low magnification images in Figure S1 (Supporting Information) clearly show the formation of nanoparticles in SiO 2 . Then, a Si nucleus is formed in the SiO x NP at the dose of 1:026 × 10 7 C m −2 , shown in Figure 1 (a3). Figure 1 (a4)-1(a8) represents the growth process of the Si NP with an increase of irradiation dose. The growth of c-Si NPs is induced by attachment of Si atoms to the nucleus driven by free energy difference, which will be discussed latter. Due to this growth manner, once the misattachment of atoms occurs, the formation of twins will be observed (Figure 1(a8) ). The c-Si NP size is about 4 nm and the dose is 1:528 × 10 7 C m −2 . To investigate the influence of temperature, SiO 2 is irradiated at 25°C and 600°C. Figure 1 (b1)-1(c2) shows images of amorphous SiO 2 after 300 keV electron irradiation at 25°C and 600°C. The images in Figure 1 (b1)-1(b3) are high magnification TEM images revealing the changes in the surface from curved to flat and then to curved again as the irradiation dose increased at 25°C. The former process indicates the deformation of SiO 2 , which is attributed to beam-induced athermal activation of massive plastic flow and surface migration [23, 24] . The latter process is the formation of amorphous SiO x NPs due to the desorption of O. The detailed process and low magnification images are shown in Figure S2 (Supporting Information). In Figure 1(b4 [12] . Hence, the c-Si NP growth mechanism cannot be the elastic displacement of Si atoms.
To elucidate the mechanism behind the growth process, we create phase diagrams for temperature and dose with different electron energies (Figures 3(a) and 3(b) ). The phase diagram can be divided into four parts. Part I indicates the deformation of SiO 2 under low-dose irradiation, which has been discussed in other works [23, 24] . Parts II and III represent the formation of amorphous SiO x and crystalline Si NPs. In Figures 3(a) and 3(b) , the critical dose of SiO x NP formation is temperature insensitive, implying that this process is athermal. The critical dose is averaged for different temperatures and plotted in Figure 3 (1) and (2)) are the same, indicating that the influence of temperature and electron beam energy is uncorrelated. There are intersections between the two critical doses at approximately 600°C, above which direct formation of c-Si NPs is observed. The critical dose of crystalline Si formation at room temperature under different electron beam energy irradiation is shown in Figure 3 (c). The influence of electron beam energy on the critical dose is estimated by linear fitting in Figure 3 (c) as follows: where E is the electron beam energy in keV. Because of the independence between temperature and electron beam energy, we can simply combine Equations (1), (2), and (3) to obtain the relationship between the critical dose and temperature and electron beam energy: 
Equation (4) implies that there are two types of mechanisms behind the growth process. One is electron irradiation-induced reduction of SiO 2 , which plays a part during the whole growth process (I➔II➔III). The dissolution of SiO 2 can be induced by elastic sputtering and/or inelastic ionization. As discussed above, O is more easily sputtered, and in Figure 3(d) , the elastic scattering cross section of O is approximately one order of magnitude larger than that of Si. The cross section is calculated with the Mckinley-Feshbach equation [15] . The core electron ionization can also result in desorption of O with the cross section:
where σ Core is the core electron ionization cross section, f O is the fraction of interatomic Auger events that result in two holes localized in a bonding orbital, and Pðt c Þ is the probability that two holes are localized in the orbital at time t c after being created in a surface bond orbital at time t = 0 [25] . The σ O for SiO 2 is 10 -26 -10 -25 m 2 when the electron beam energy is 150-3000 eV [25] [26] [27] [28] . We assume that f O and Pðt c Þ remain constant with increasing electron beam energy because they are properties of SiO 2 . The core electron ionization cross section is acquired by Bote's analytical formulas and shown in Figure 3 (e) and Figure S6 (Supporting Information) [29] . The ionization cross section at 80-300 keV is approximately one-tenth Figure 3(d) ). However, the creation of O vacancies leads to dangling bonds in Si atoms, and these unpaired electrons provide a channel for fast charge-transfer screening, which reduces the hole-hole correlation energy and lowers the lifetime of localized holes. Intuitively, an increase in the O vacancy density causes a decrease in Pðt c Þ in Equation (5); therefore, the desorption of O by core electron ionization will be greatly suppressed. This result indicates that both elastic and inelastic scattering is responsible for O desorption at the beginning of the process, and then elastic scattering dominates with the continuous generation of O vacancies, which means that the formation of c-Si NPs is mainly driven by the elastic displacement of O. However, the critical dose reduces with decreasing electron beam energy, and the cross section does not change noticeably in Figure 3 However, without irradiation, silicon oxide is more energy favorable than crystalline silicon [26, 30] . SiO 2 under highintensity irradiation is an open and highly dissipative system. Therefore, the growth of c-Si NPs is a self-organization process rather than an equilibrium thermodynamic process from the perspective of energy [31, 32] . This ordering phenomenon has also been observed in the transformation of carbon onions to diamonds under electron irradiation [33] . The ratio of thermal-activated carbon atom jump rates across the interface between graphite (G) and diamond (D) obeys the relationship Γ G-D /Γ D-G = exp ð-ΔG/k B TÞ, where ΔG is the Gibbs free energy difference between diamond and graphite, k B is Boltzmann's constant, and T is temperature. Without irradiation, ΔG is positive and carbon atoms tend to diffuse from diamond to graphite. Apart from thermally activated jumps, ballistic jumps may lead to atom exchanges between graphite and diamond, when the system is under electron irradiation. Considering these ballistic jumps, the nonequilibrium effective free energy difference is expressed using Zaiser-Banhart's equation [33] :
where r th is the thermal jump rate of atoms across the interface, φ is the irradiation flux, and σ G and σ D are elastic displacement cross sections in graphite and diamond, respectively. The equation is defined to describe the phase stability under irradiation [33] . When the system is under electron irradiation at not too high temperature (small r th , φσ G /r th >>1, φσ D /r th >>1), the nonequilibrium free energy of diamond is reduced by approximately k B T ln ðσ G /σ D Þ. Because σ G is much larger than σ D , the effective free energy difference is reduced below zero, which means an inversion of phase stability [33] . In this work, the displacement cross section of SiO x is larger than that of Si because of the much lower T d (O). The ratio of the cross section is approximately 10 and ∞ when the electron beam energy is above 150.2 keV and between 64.0 and 150.2 keV, as shown in Figure 3(d) . The effective free energy of c-Si is greatly reduced, and transformation from amorphous SiO x NPs to c-Si NPs is activated. Intuitively, the high vacancy density in SiO x produces many highenergy elemental Si atoms with strong diffusivity, and the low vacancy density makes the Si atoms in the c-Si stable with weak diffusivity. Control experiments have been conducted to confirm that heating alone up to 600°C cannot induce the transformation from amorphous SiO x NPs to c-Si NPs or even reduce defects in the as-formed c-Si NPs ( Figures S8 and S9 , Supporting Information). This temperature is below the Si NP crystallization temperature at approximately 800°C [34] . However, due to the high vapor pressure of Si, the sublimation temperature is lower than the crystallization temperature under an ultrahigh vacuum, and sublimation of Si is observed when the temperature is increased to above~750°C (Figures 3(a) and 3(b) and Figures S10 and S11, Supporting Information) [19] . Moreover, the only dissociation of SiO 2 is observed without the formation of SiO x or Si NPs when SiO 2 is irradiated at 900°C ( Figure S12 , Supporting Information). Directly heating SiO 2 up to 1000°C and even repeatedly heating SiO 2 between 25°C and 1000°C cannot cause the growth of SiO x and Si NPs ( Figure S13 , Supporting Information). All these results reveal that electron irradiation is the key factor for c-Si NP formation, and the heating effects induced by irradiation are also excluded.
The growth process can be divided into two parts as shown in Figure 4 (c)-4(f): formation of amorphous SiO x and c-Si NPs. As discussed above, initially, the desorption of O is induced by elastic sputtering (O 0 ) and core electron ionization (O + ), resulting in the growth of silicon suboxide (Figure 4(d) ). This process does not involve the thermal diffusion of atoms, so the critical dose is electron beam energy dependent but temperature independent. Continuous generation of O vacancies not only suppresses core electron ionization-induced desorption but also reduces the threshold energy of O, which increases the displacement cross section in SiO x and reduces the effective free energy difference between Si and SiO x . Once the energy difference becomes negative, the Si atoms start to condense and c-Si NPs nucleate from the SiO x NPs, as shown in Figures 4(e) and 4(g). With increasing doses, the amorphous SiO x NPs completely transform into c-Si NPs. Equation (4) reveals that the critical dose for c-Si NP formation decreases when the temperature is increased, and the electron beam energy is reduced. From the energy perspective, increasing temperature and reducing electron beam energy can both lower the effective free energy of c-Si, leading to larger rates of Si atom diffusion from SiO x to Si. Larger rates mean a short time for growth and a low integrated dose. When the temperature is above 600°C, the c-Si NPs grow so fast that amorphous SiO x NPs cannot be observed in our experiments. It is worth noting that the constant under E in Equation (4) is the same as the threshold electron beam energy (64 keV) for O displacement in SiO 2 [16] . This result may imply that to trigger the growth process, the electron beam energy should be larger than~65.62 keV. Similarly, the constant under T may imply that the selforganization process only occurs above -105.03°C. Amorphization in crystalline Si under electron irradiation was observed at -248°C [35] . However, to confirm the physical meaning of these two constants, further detailed experiments should be carried out.
Conclusion
In summary, the formation of c-Si NPs from amorphous SiO x NPs is a self-organization process induced by the elastic displacement of O. The high displacement cross section of O in SiO x significantly reduces the effective free energy of c-Si, causing the phase stability inversion between c-Si and amorphous oxide and thus promoting the growth of c-Si NPs. Quantitative experiments reveal that the critical dose for c-Si NP formation decreases exponentially with increasing temperature and reducing electron beam energy. The exposure speed during direct electron writing can be enhanced by three orders of magnitude under 80 keV irradiation at 600°C. The formation of amorphous SiO x NPs is attributed to O desorption induced by elastic sputtering and core electron ionization, which will be suppressed by a high density of O vacancies. The critical dose for SiO x NP formation is temperature independent and decreases with high scattering cross sections under low electron beam energy. Our work reveals the detailed mechanism and quantitative conditions of the fabrication process and provides valuable information for direct electron beam writing for the fabrication of Si into SiO 2 .
Materials and Methods

Preparation of Samples.
The amorphous SiO 2 was purchased from Xianfeng Nano Materials Co., Ltd. Firstly, the power was dispersed in deionized water. After sonication for 30 min, a drop (~10 μL) of the suspension was placed at the center of the heating chip (Aduro 100, Protochips Inc., and Wildfire, DENSsolutions Inc.) and dried under ambient conditions. 
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